The arcing process greatly affects the breaking ability after current zero. The instability stage is the transition stage from the ignition to the movement stage, which affects the arc movement characteristics. In this paper, the arc characteristics during the instability stage on spiral-type contacts were investigated using a high-speed video camera. A multi-column parallel instability mode and a single-column instability mode were found during the instability stage. The arc appearance and constriction degree changed rapidly. The arc voltage usually increased accompanied by fluctuations. In addition, it was found that the current significantly influenced the arc mode and duration in the instability stage. With increased peak current, the probability of a single-column instability mode increased, and the fluctuation range and average time decreased.
Introduction
Vacuum interrupters are vacuum devices for breaking and closing circuits in an electrical distribution system. A metal vapor arc appears between the contacts of the interrupter when breaking large current. As the current exceeds 10 kA, the arc is pinched due to the effect of the self-magnetic field. The energy transferred from the arc column to the contact surfaces will be concentrated in a local area. When the current passes zero, the local high-temperature area of the contact surface will continue to release metal vapor, which will reduce the insulation strength of the inter-electrode medium, and may even lead to breaking failure. To prevent serious melting of the contacts by local overheating, transverse magnetic field (TMF) contacts can be used. TMF contacts generate a magnetic field perpendicular to the arc current, which can drive the vacuum arc along the contact surface, and spread out the energy deposited on the contact surface. This helps improve the opening capacity of vacuum interrupters [1, 2] .
The arcing process has been divided into different stages according to the movement characteristics of the arc. Kaltenecker et al [3] observed four stages of high-current arc motion: a build-up stage, slow motion stage, fast motion stage and break-up stage. Gentsh et al [4] divided the arcing process into an ignition stage, transition stage and stable column arcing/diffuse stage. Ma et al [5] also divided the arcing process into three stages. Niwa et al [6] investigated the arc characteristics of straight slot TMF contacts, and divided the arcing process into three stages: a fixed column arc, running column arc and diffuse arc. The duration of the fixed column arc was 2-3 ms and had little dependence on the current and arcing time. Zhu et al [7] [8] [9] studied the arc appearance and arc characteristics of TMF contacts under intermediate frequency (400-800 Hz). Three arc modes were identified: an expansion arc column, moving arc and diffuse arc. It was found that an expansion arc column with low current greatly influenced anode ablation. Anode spots appeared, and the arc voltage fluctuated. When the current exceeded 5 kA, the arc split during rotation.
Studies in the literature have mainly focused on the conditions of arc motion, such as the influence of a gap and current on arc movement and velocity. There are few studies on the transitional stage from ignition to movement. Schulman [10] found that the arc moved only when it reached a certain gap distance (about 4 mm). Paulus [11] and Gentsch [4] found that this gap distance was affected by various factors such as arc current and arcing time. Schulman et al [12, 13] also generated arc appearance diagrams in which the arc form and motion were correlated to instantaneous values of current and gap for a wide range of peak currents. It was found that when the gap was 3-5 mm and current was about 20 kA, there was a short transitional stage. The arc transformed from two arc columns to a single column and began to move. However, the influence of arc appearance, arc voltage and current on this stage was not studied. Some investigations [11, 14] also found that a multi-column appeared between the TMF contacts, but did not give an explanation. The objective of the present research was to determine the arc characteristics during the instability stage and the influence of current.
Experimental setup
The experimental setup is shown in figure 1 . The research was conducted in a demountable vacuum chamber. A molecular pump and a mechanical pump were used together to keep the pressure inside the interrupter at less than 9×10 −4 Pa during arcing. A permanent magnet actuator with an opening speed of 1.2 m s −1 was used to separate the contacts. A sinusoidal current was supplied by an LC oscillation circuit. The capacitor bank was charged by a charging circuit before the experiment. The current magnitude was adjusted by controlling the charging voltage of the capacitors.
The sequence of actions of the main circuit breaker, the permanent magnet actuator and the camera was controlled by a timing-control signal generator. Before the experiment, the main circuit breaker was in the open state, and the contacts in the demountable vacuum chamber were closed. The signal generator sent an action command to the main circuit breaker and permanent magnet actuator. First the main circuit breaker closed, initiating a sinusoidal current loop with a frequency of 50 Hz. Then the contacts in the demountable vacuum chamber were separated and an arc was generated. The timing-control signal generator also sent a signal to the high-speed camera to start recording arc images. An oscilloscope recording of arc voltage and current signals was triggered by the rising edge of the arc current signal.
The arc current was measured by a Rogowski coil and the arc voltage was measured by a high-voltage probe. A Phantom V10 charge-coupled device high-speed video camera was arranged outside the observation window of the demountable vacuum chamber so that its line of sight passed between the open contacts. It had an exposure time of 2 μs and a framing rate of 17 000-19 000 s . We conducted experiments with aperture conditions of f/4, f/5.6 and f/8, respectively. We found that when the aperture was f/4, the images were oversaturated. When the aperture was f/8, only at the ignition stage and several times during the movement stage, the maximum intensity reached the saturation value. However, the shape of the arc became blurred and it was difficult to discern the arcing stage. Therefore, considering the arcing process and the brightness of the arc, we chose an aperture of f/5.6, so that the image was not oversaturated or the arc shape was not too difficult to distinguish. A transparent glass sheet was placed at the observation window to catch material splashed from the contact and was replaced every two to three experiments. Spiral-type CuCr50 contacts, shown in figure 2, were used. Their diameters were 46 mm. The slot width was 2 mm. The conductive rod was constructed from high-conductivity oxygenfree copper. The shielding sheet was constructed from stainless steel. The two contacts were aligned so that the end of one spiral arm matched up with the end of a spiral arm of the opposite contact. The contact surfaces were conditioned by multiple arcs with peak currents of 1-5 kA before each experiment.
Because the operating mechanisms in the main circuit breaker and demountable vacuum chamber had a certain degree of jitter, the arcing time fluctuated in the range of ±0.5 ms, with an average arcing time of 9 ms.
The arcing process on TMF contacts
Photographs of a typical arc are shown in figure 3 . The anode is at the top and the cathode is at the bottom. Considering the arc movement, arc appearance and arc voltage characteristics, the arcing process was divided into four stages. 
Ignition and expansion stage
When the contacts were separated, a transient arc column (bridge column) formed after the initial bridge exploded [15] . Usually arc ignition was at a single point, but sometimes it was at multiple points [16] . The voltage rose by about 20 V at the beginning of this stage. Then the arc column expanded in the Ampere force direction (t 1 -t 2 ).
Instability stage
During the instability stage, the arc appearance and constriction degree changed unstably (t 3 ). Nevertheless, the arc, including the anode and cathode roots, did not move in the Ampere force direction. While the arc appearance changed, the arc voltage began to fluctuate, and no longer increased smoothly with time. However, the arc was less constricted and the arc voltage was lower than during the movement stage.
Movement stage
After the instability stage, the arc column constricted and the brightness significantly increased (t 5 ). Then jet columns formed (t 6 -t 8 ) which began to rotate around the spiral contacts. The jet column intensity was comparable to that of the constricted column, but the column was wider at the electrode ends and constricted in its center section, resulting in the appearance of two cones meeting at their apexes [15] . At the end of the rotational movement, the arc slowed down and stagnated as a jet column or anode jet (t 9 ), i.e. separated from the cathode jet and hence resembling the familiar anode spot dominated appearance [15] .
Diffuse stage
With the current decreased, the arc suddenly turned into a diffuse column (t 11 ). This column had diffuse boundaries, and the intensity of the optical radiation decreased monotonically from the center to the darker surroundings [15] .
Arc appearance in the instability stage

Parallel multi-column instability mode
When the peak current was under about 18 kA, the arc during the instability stage had parallel multiple columns starting from either single or multiple arc ignition points [16] . It was found that parallel multiple columns could be formed by the splitting of the expansion arc column that was expanded in the Ampere force direction formed from single-point ignition or the splitting of the merged arc column formed from multipoint ignition.
4.1.1. Parallel multi-column mode formed by splitting the expansion arc column of single-point ignition. Parallel multiple columns were often formed by the splitting of the expansion arc column formed by single-point ignition when the column extended through a slot. Figure 4 shows the process of a single arc column splitting into multiple arc columns during an experiment in which the peak current was 18 kA. The arc began to split when it extended clockwise in the Ampere force direction, and extended through the slot; then the arc had multiple parallel columns (t 2 -t 4 ). At t 5 -t 6 , both parallel columns suddenly constricted and appeared similar to the jet column and anode jet. The appearance of these columns changed continuously, and the number of parallel arc columns increased to three (t 7 ). However, it can be seen at t 7 that the diameter of the arc column on the left was significantly larger than the diameter of the two parallel columns on the right. After that, the intensity of the two smaller arc columns gradually weakened and disappeared substantially at t 12 . At the same time, the left arc column was highly constricted and formed as a jet column, and the arc voltage increased by 30 V. Figure 4 shows that when the expanding column began to split, the arc voltage was still smooth (t 1 -t 4 ). When the column split into multiple columns and stagnated in the interelectrode region, the arc appearance dramatically changed and the arc voltage fluctuated (t 5 -t 12 ). During the instability stage, the constriction of the arc column changed first, and then the voltage noise exceeded 5 V. Therefore, judging the instability stage required examining both the arc image and the arc voltage. Figure 5 shows that after two arc columns merged between t 1 and t 2 , the resulting single column remained stationary for ∼1.5 ms. Then it split to form two columns. From t 3 , the column started to split, but the voltage steadily and linearly increased. By around t 5 , the column completely split into two columns. The constriction degree and appearance of the two columns began to vary constantly. The arc voltage rapidly rose and became noisy. The diameter of the two parallel columns varied widely. The larger column on the left expanded to the edge of the contact. And the diameter of the smaller column on the right reduced gradually, until the column disappeared completely at t 8 . The parallel multi-column arc mode transitioned to a single-column instability mode. The left column stagnated at the edge and a plasma jet formed towards the region outside of the interelectrode region. The arc became more constricted and the appearance changed continuously. The arc voltage rose by about 10 V and became noisy during this period (t 10 -t 11 ). At t 12 , the column reestablished in the inter-electrode region, and the brightness increased. The arc voltage rose by about 20 V.
Single-column instability mode
Although mostly the parallel multi-column arc was present during the instability stage, sometimes the arc had a single column. The single column stayed single, but the appearance and constriction degree varied continuously. Figure 6 shows the appearance and waveforms during a single-column instability with a peak current of 18 kA. At t 1 -t 2 , the left side of the expanded column arc began to be unstable and continued to be so until t 5 . At t 5 -t 6 , the arc was still constricted. The diameter of the column decreased and arc voltage spikes appeared. During t 7 -t 10 , the arc column appearance changed again, the arc became less constricted and the arc voltage again fluctuated. At t 12 , the arc column shrank to a jet column.
We found that a single-column wedge-shaped area formed on one side of the TMF contacts as shown in figure 7.
During t 2 -t 3 , the arc column began to show slight changes in appearance as it expanded and jetted to the left. At t 4 and t 6 , the arc appeared to have a wedge-shaped area with lower brightness at the right side of the column. The wedge area extended at t 7 . The arc column gradually shifted from a constricted column to a jet column with this wedge-shaped instability. In our experiment, the wedge-shaped instability was usually observed at currents above 18 kA. Heberlein, in a study of arc appearance between flat contacts, observed that the arc sometimes had a wedge-shaped instability when the current exceeded 16 kA [15] .
At higher peak currents, the plasma sometimes flowed strongly to the outside of the inter-electrode region during the instability stage as shown in figure 8 . From t 1 to t 5 , there was a jet to the outside during the expanding process, while the arc voltage still increased smoothly. During t 1 -t 6 the arc moved from the side close to the camera to the left side. The direction of the arc jetting was from outwardly perpendicular to the paper to the left. From t 4 , the arc column slightly constricted, and eventually constricted into a jet column. At t 6 , the arc voltage rose sharply to about 45-72 V accompanied by a certain amount of noise. Figure 9 shows the relationship between the number of occurrences of the two kinds of instability modes and the peak current. The number of occurrences of the instability mode is calculated by taking one instability mode per experiment. For example, 20 experiments were performed at 13 kA. The single-column instability mode occurred three times, while the parallel multi-column mode occurred 17 times. Besides, the situation where the arc at times had a single column and at other times had multiple columns (e.g. in figure 5 ) was counted as a parallel multi-column mode because it was found that parallel multiple columns could be formed by the splitting of the expansion arc column formed from single-point ignition or the splitting of the merged arc column formed from multi-point ignition. At 13 kA, the ratio of occurrences of the multi-column parallel mode was close to 85%. As the current increased, the number of occurrences of the single-column instability mode gradually increased, to about 2/3 at 23 kA. Figure 10 shows the relationship between the duration of the instability mode and the peak current. Although the duration of the instability stage varied, both the average duration and fluctuation range decreased as the peak current increased. When the peak current was low, the arc was more likely to be affected by such factors as the ignition process and the ignition mode, and the transition from the instability stage to the movement stage was more random. When the peak current was 13 kA, the duration of the instability mode varied in the range of 0.6-2.9 ms. When the peak current was 23 kA, the instantaneous current was higher than that with 13 kA at the same arcing times. The arc transitioned more rapidly from the instability stage to the movement stage with a highly constricted jet column. The duration of the instability mode was in the range of 0.5-1.8 ms in experiments with a peak current of 23 kA, and the fluctuation range and average duration were narrower/shorter than those in experiments with a peak current of 13 kA.
Influence of current on instability stage
During the expansion stage, the arc voltage continuously increased smoothly from around 20 V at the ignition stage as shown in figure 3 . After transition into the instability stage, the arc voltage usually fluctuated as the appearance and constriction of the arc changed. Figure 11 shows the average value and the peak-to-peak value of the arc voltage as a function of current during the instability stage. As the current increased, the average arc voltage increased from about 35-54 V at 13 kA to about 40-55 V at 23 kA. The increase of the average arc voltage might be explained by the change of voltage drop along the arc column. However, as the current increased, the peak-to-peak value of the arc voltage was mainly concentrated in the range of 10-50 V during the instability stage, with no obvious upward trend.
Discussion
The relationship between arc voltage and arc appearance
The arc voltage between the TMF contacts was closely related to the arc development process. We found that arc voltage usually fluctuated or rose rapidly during the instability stage. This may be due to two reasons. First, the appearance and constriction degree of the arc usually varied constantly during the instability stage, which suggests that the resistance of the arc column also constantly fluctuated. Second, when the arc constricted, a transient anode spot might form on the anode surface, and the voltage drop across the anode sheath would also change [17] . These two factors may have produced the frequent arc voltage fluctuations during the instability stage.
Dullni et al found that a curved arc column often appeared between TMF contacts due to the Lorentz force [18] . Sometimes the anode and cathode jets split, producing a wedge-shaped instability, and then the arc voltage spiked. The arc voltage at the instability stage was high and accompanied by the appearance of a plasma jet to the region outside of the inter-electrode region. The increase of single-column instability mode occurrences with current may be due to the fact that the degree of constriction and the density of the plasma gradually increased during the expanding stage, and it was more difficult for a column to split when extending through a slot. The arc tended to expand as a single column and appeared unstable. Especially at 23 kA, usually the unstable arc appeared similar to the arc column in figure 8 , which briefly jetted to the outside of the inter-electrode region.
Conclusions
(1) During the instability stage, the parallel multi-column instability mode and the single-column instability mode appeared. The parallel multi-column instability mode was formed by splitting the expanding arc column from single-point ignition or splitting the merged arc column from multi-point ignition. The arc during the singlecolumn instability mode changed appearance, and a wedge-shaped structure and jets to the outside of the inter-electrode region were sometimes observed. (2) The current had a significant effect on the arc appearance and the duration of the instability stage. As the peak current increased, the probability of a multi-column parallel instability mode decreased, while the probability of a single-column instability mode increased. The mean duration and fluctuation amplitude of the instability stage decreased with the increase of peak current. In addition, the average arc voltage increased from 35-45 V at 13 kA to 40-55 V at 23 kA, while the peak-to-peak value of the arc voltage did not obviously change. 
